In the paper an alternative method for increasing punching shear resistance of the flat slabs from lightweight aggregate concrete by means of hidden steel fibre reinforced capital was presented. Previous experimental studies demonstrated that the addition of steel fibres to concrete allows for increase in the punching shear resistance of flat slab. Steel fibres modify the tensile strength of concrete, which translates into increased ductility of the material. The results of the experimental investigations were presented, the aim of which was to assess the effectiveness of the proposed solution. For economic and technological reasons, a hidden capital of a height equal to half of the slabs depth was made so that the top reinforcement could be installed later. It was found that presented solution allowed to increase the load carrying capacity by about 36% with respect to the control element, made entirely of lightweight aggregate concrete. offered. Reducing the self-weight of the structure is particularly important in multi-storey facilities, because it allows for limiting the cross-section of load-bearing elements such as columns, walls or
INTRODUCTION
The column-and-slab systems are one of the most popular structural solutions, because they offer a lot of freedom by arranging the space inside the buildings. At the same time, they do not enforce increasing of the storey height in order to maintain the required usable space, as is in case of eg. slab-and-beam floor systems. The main load of flat slabs is usually self-weight. For this reason in many of the available commercial solutions (eg. Cobiax system) special unloading elements are shear cracks can form at the column edge ( Fig. 1b ) -similar as in case of a slab made entirely of one type of concrete. Load carrying capacity is then dependent on strength of both concretes. 
BACKGROUND
In the previous works of Godycki-Ćwirko et al. [9] , [10] a certain idea of casting ordinary concrete slabs with high strength concrete (HSC) capitals was presented. The investigations covered a total of 7 specimens. The variable parameters were size of the capital and the reinforcement ratio (ρl = 1.0 and 1.5%). Failure of the specimens was always accompanied with the diagonal cracks crossing the capital (see Fig. 1b ). An increase in the load capacity from 8 to 54% with respect to the control elements made entirely from one type of concrete, was noted.
Similar studies were conducted by Ajdukiewicz et al. [11] , [12] and Hulimka [13] . These tests has been found. It was also noted that ratio of capital and slab concrete strength did not have an effect on punching shear resistance. The failure of the test specimens was accompanied by a shear cracks forming at the column edge (see Fig. 1b ) with different inclinations within and outside the capital. The lack of the possibility of failure outside the capital zone (see Fig. 1a ) can be justified by the insufficient stiffness of the capital with respect to the entire slab. Not without meaning might be also higher brittleness of the high strength concrete. Softening the behaviour of concrete is possible by adding steel fibres to the concrete mix. An increase in tensile strength and change to the cohesive failure mode has led many researchers to investigate the effect of fibre reinforced concrete on punching shear resistance of flat slabs.
One of the first works concerning use of SFRC (Steel Fibre Reinforced Concrete) were experimental investigations of Swamy and Ali [14] , which covered square slabs with a side length of 1.8 m and a thickness of 125 mm. The main variable parameters were: fibre content (ρf = 0 ÷ 1.2%), area where SFRC was placed, arrangement of the longitudinal reinforcement (with low reinforcement ratios of ρl = 0.28 ÷ 0.56%) type of steel fibres (crimped, hooked or straight) and the distribution of shear reinforcement. Addition of the steel fibres resulted in a change in the inclination of critical shear crack from 24° to about 19°÷ 23° and increase in punching shear resistance by 23 to 42% at ρf = 0.6% and 1.2% respectively.
Encouraging results of research [14] prompted Urban [15] to carry out experimental investigations on the slabs with higher reinforcement ratios: ρl = 1.0 and 1.25%. The fibre content in the column vicinity was ρf = 0, 0.6 and 1.0%. Only straight fibres with a diameter of 0.5 mm and a length of 49 mm were used. The range of SFRC zone was limited only to the immediate vicinity of the column. The dimensions of this area were determined by the anticipated shape of the punching cone (shear cracks inclined with an angle of 30°). SFRC was separated from the remaining part of the slab with steel drawn mesh (Rabitz mesh), which hindered flow of the mix during casting of concrete (see Fig. 2 ). Taking into account the differences in strength of concrete of subsequent specimens, the increase in the load carrying capacity could be estimated to 18 to 23% with respect to control elements without SFRC. A relatively low increase in load capacity can be explained by the use of smooth and straight fibres. Test specimens considered in [15] The research of Alexander and Simmonds [16] showed an increase in load carrying capacity resulting from the addition of steel fibres, amounting to about 20 and 30% at the fibre content of 30 and 60 kg/m 3 (ρf~0.38% and ~0.76%) respectively. The addition of fibres delayed the formation of cracks close to column edge which were visible at the load higher of about 20 ÷ 25% compared to specimens made entirely from ordinary concrete.
Theodorakopulos and Swamy [17] investigated the effect of steel fibres on punching shear capacity of lightweight aggregate concrete slabs. The research program comprised similar variable parameters to that considered in earlier studies [14] . The addition of steel fibres resulted in an almost twofold increase in the tensile strength of lightweight aggregate concrete and therefore an increase in the punching shear resistance by 30 and 43%, for fibre contents of ρf = 0.5% and 1.0% respectively.
According to the results of the tests of 6 slabs with dimensions of 2300 u 2300 u 150 mm and reinforcement ratio ρl ≈ 1.06% McHarg et al. [18] formulated a general conclusion that the presence of fibres with a content of ρf = 0.5% within the support zone fundamentally changes the behaviour of the column-slab connection joint. An increase in the punching shear resistance (26 ÷ 38%) and ductility, higher stiffness after cracking and the limitation of crack width at the service load level were stated. Casting SFRC only in the cover layer limited crack widths and affected slightly load carrying capacity of the specimens. According to the authors, the conclusion regarding the increase in the load capacity by 38% as a result of steel fibres addition seems to be too optimistic, because it does not account difference in strength of ordinary and fibre reinforced concrete, which was about 11.5 MPa.
In the studies of Cheng and Parra-Montesinos [19] , the effects of: fibre shape (hooked, twisted), fibre strength, fibre content (ρf = 1.0 or 1.5%) and longitudinal reinforcement ratio (ρl = 0.56 or 0.83%), were considered. Hooked fibres proved to be the most effective. At the same fibre content (ρf = 1.5%), standardized punching shear resistances (taking into account differences in the concrete strength) of SFRC slabs were about 10% and 50 ÷ 60% higher with respect to control specimens.
Cheng and Parra-Montesinos stated that limiting the use of SFRC to the support zone only (at the distance of ~2h from the column edge) is sufficient to increase the punching shear resistance.
However, this change proved to be insignificant when taking into account standardized loads, and was about 10 ÷ 20% compared to 50 ÷ 60% increase in case of slabs made entirely of SFRC with the same fibre content. In case of elements with higher reinforcement ratios (ρl = 0.83%), the addition of steel fibres resulted in change in failure mode and yielding of the part of the longitudinal reinforcement. Cheng and Parra-Montesinos [20] investigated also the effect of SFRC on the behavior of column-and-slab connections under seismic conditions. The results of these studies allowed to make a general statement that steel fibre reinforcement is effective in increasing punching shear resistance and deformation capacity of slab-and-column connections under combined gravity load and lateral displacement reversals.
Nguyen-Minh et al. [21] conducted tests on 12 square slabs made in a scale. The varied dimensions of the specimens allowed for considering their slenderness 1/d in addition to the effect of the steel fibre content (0, 30, 40 and 60 kg/m 3 ). The addition of steel fibres increased the punching shear resistance from 16 to even 40%, depending on the fibre content as well as slab slenderness. The authors of these studies have found that the shape and aspect ratio of the steel fibres are very important factors that should be taken into account in punching shear analyses of SFRC slabs.
In the paper of Gouveia et al. [22] the punching shear of SFRC slabs was considered. The main variable parameter was steel fibres content (ρf = 0 ÷ 1.25%). A significant increase in the punching shear resistance by 56 ÷ 64% was recorded only in case of specimens made from SFRC with fibre content ρf > 0.75% and addition of a plasticizer. The steel fibres in a lower amount (ρf = 0.5%) did not change the tensile strength of concrete and thus the load carrying capacity of the specimens. A comparative study in the light of Critical Shear Crack Theory (CSCT) [23] and Model Code 2010 [1] demonstrated that the design procedures were in line with the test results however more conservative results were obtained for slabs with higher fibre content. [24] concerned slabs with a steel fibres content ρf = 0, 1.0 and 1.5%. Two different longitudinal reinforcement ratios were considered: ρl = 0.75 and 1.50%. It was found that stiffness of the slabs was dependent to a higher extent on the longitudinal reinforcement than the content of steel fibres. The addition of steel fibres (ρf = 1.0%) resulted in an increase in punching shear resistance by 62% compared to control specimen from ordinary concrete (with ρl = 0.75%).
Research of Gouveia et al. presented in
In case of specimens with a higher reinforcement ratio (ρl = 1.5%), the increase in the steel fibres content to 1.0% or 1.5% resulted in an increase in the ultimate load by 42% and 48% respectively. The efficiency of steel fibres was thus higher in elements characterized by lower reinforcement ratio.
Summarizing the presented studies it can be concluded that solutions consisting in applying in the connection zone HSC hidden capitals or casting SFRC have the same limitations as exist by applying shear reinforcement.
EXPERIMENTAL INVESTIGATIONS
The presented study was a continuation of previous experimental investigations concerning punching shear of flat slabs from LWAC, discussed in [25] , [26] . Two elements of a real size, representing the connection zone of a 0.2 m thick floor slab with a span length of approximately 5.0 m, were made.
The specimens had the same dimensions in a plane of 2400 × 2400 mm and a thickness of 200 mm.
The slab was connected at the bottom and at the top with column stubs with a cross-section of 250 × 250 mm and a height of 150 mm, made from ordinary concrete. The element LC-1.23-0bis was made entirely from lightweight aggregate concrete and constituted a control specimen. In the second model LCF-1.23/0.65 a hidden capital from SFRC was casted. The capital was supposed to be an alternative way to increase punching shear resistance against shear reinforcement -stirrups difficult in practical application and double-headed studs not anticipated by the European Technical Approvals (ETA) for use in LWAC slabs. The proposed solution was intended to use for monolithic technology.
In Figure 3 the schematic process of casting floor slab with hidden SFRC capital was presented. 
PROPERTIES OF CONCRETE
Fibre reinforced concrete was prepared on site in a laboratory mixer with a capacity of 150 dm 3 . The composition of concrete with target strength class C70/85 was shown in Table 1 . The addition of fibres was discontinued at a content of about 0.65%. Further addition was associated with the risk of reducing mix workability due to balling of the fibres. The slabs were made of lightweight aggregate concrete with target strength class LC30/33. The Portland cement CEM I 52.5N, natural sand with grain size (0-2 mm) and lightweight aggregate 4-8 mm were used for concrete mix. The lightweight aggregate CERTYD was the product of the sintering process of fly ash from electrostatic precipitators and ash-slag mixture from wet furnace waste removal of hard coal combustion in boilers of a combined heat and power plant. The bulk density of the aggregate fraction 4-8 mm was about 700 kg/m 3 . During casting and compacting of the concrete mix no problems related to aggregate segregation were observed. The concrete recipe is given in Table 2 . The elements were made from two concrete mix supplies, which resulted in some difference in strength. 
CHARACTERISTICS OF THE REINFORCEMENT

TEST SETUP
The tests were carried out in a test setup, enabling axially loading of the specimen -see 
TEST RESULTS
STRAINS OF THE LONGITUDINAL REINFORCEMENT
A slightly higher strain increase rate was noticed in the slab made entirely from LWAC -see Fig. 6 .
Nevertheless, at the moment preceding failure of the LC-1.23-0 bis element, strains of the longitudinal reinforcement did not exceed 1.7 ÷ 2.0 ‰ and were therefore lower than the yield strain εym. The failure mode was brittle and resulted from shear mechanism. In case of the LCF-1. 23 
SHEAR CRACKS
Previous observations were confirmed by the crack pattern visible in the model intersections -see Fig. 9 . In the LC-1.23-0 bis specimen, the diagonal crack formed on the column edge and ran at an angle θ = 28 ÷ 30º towards the upper slab surface. At a plane of longitudinal reinforcement a change in the crack inclination to about 10° was visible. The course of the cracks was then similar to that observed in the previous study [25] , including slabs made of LWAC without punching shear reinforcement. In case of the LCF-1.23/0.65 model, critical shear crack also formed at the column edge, what indicated the second failure mode (cf. Fig. 1b 
EXPERIMENTAL LOADS
All of the specimens failed in a violent manner, characteristic for punching. In the Table 4 the experimental loads Vexp were summarized. After saw-cut of the models, the actual position of the main reinforcement was determined. It differed slightly from the originally designed. For this reason, in the Table 4 the nominal (dnom) as well as measured (dact) effective depths, (adopted for further analysis) were listed. Due to differences in strengths of LWA concretes, it was impossible to directly compare the experimental loads of both specimens. In order to reflect the differences in the concrete strength as well as the effective depths, standardized loads (Vstand) were calculated according to the equation (1) (all designations with "cont" note refer to control specimen LC-1.23-0 bis): 
where:
Vexp -experimental load of the test specimen, dact -actual effective depth of the test specimen, flcm -mean value of LWAC compressive strength, ρl -slab longitudinal reinforcement ratio. 
CONCLUSIONS
The results of the experimental investigations demonstrated that hidden capitals can be an interesting alternative to traditional punching shear reinforcement. The proposed solution consisting in casting a SFRC capital only in within column-and-slab connection zone seems to be easy to do also on the construction site. The height of the capital in the presented study was only half of the slab depth as not to impede placing of the main and integrity reinforcement. Despite the relatively small capital overhang beyond the column edge (lH ≈ 1.25d), a significant increase in load carrying capacity was achieved -about 36% with respect to the control element. It seems that in the case of thicker slabs it would be possible to cast capitals of higher thicknesses and diameters what would allow to increase the efficiency of the proposed solution. The increase in the efficiency of the capital can also be expected by using SFRC with higher steel fibre content. 
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